We report that loss of HMGN1, a nucleosome-binding protein that alters the compaction of the chromatin fiber, increases the cellular sensitivity to ionizing radiation and the tumor burden of mice. 
Introduction
Chromatin plays a central role in regulating the fidelity of gene expression, in maintaining genomic stability, and in mounting proper responses to various cellular stresses, including UV and ionizing radiation (1) . For example, the repair of irradiationinduced double-strand breaks (DSB) is linked to the phosphorylation of the histone variant H2AX (2) , and the loss of a single H2ax allele decreases genomic stability and increases tumor susceptibility (3, 4) . Additional histone modifications, such as methylation and acetylation, were also found to play important roles in DNA repair processes (1) and inhibitors of histone deacetylases are being tested as potential anticancer therapeutic agents (5) . The transcription regulatory function of the tumor suppressor p53, which plays a key role in determining cellular stability and transformation, is dependent on specific binding to chromatin (6) ; moreover, chromatin remodeling complexes, such as BRG1 and BRM, play a role in genomic stability (7) . Perturbation in the higherorder chromatin structure has also been linked to the activation of the ATM, a protein kinase that plays a key role in the cellular response to ionizing radiation and the prevention of tumor formation (8, 9) . Likewise, numerous studies have linked the correct repair of UV damage to the ability of nucleotide excision repair complexes to reach the UV-damaged sites in chromatin (10) (11) (12) . Thus, the structure of chromatin and the ability of nuclear complexes that sense and repair DNA damage to reach their target sites in chromatin play an important role in DNA repair, in maintaining genomic stability, and in tumor susceptibility (13) .
Given that access of regulatory factors and DNA repair complexes to their target sites in chromatin is important, it is possible that nuclear proteins, such as the nonhistone HMGN proteins (14, 15) , that are known to affect the stability of the higherorder chromatin structure may play a role in DNA repair processes and in tumorigenicity. The high mobility group N (HMGN) is a family of structural proteins present in the nuclei of all mammalian cells that binds specifically to nucleosomes, the building block of the chromatin fiber (14, 15) . HMGN proteins move rapidly throughout the nucleus, bind to nucleosomes transiently (16, 17) , and reduce the compaction of the chromatin fiber (14, 15) . The binding of HMGN proteins to nucleosomes affects the levels of posttranslational modification in core histones and alters DNArelated nuclear processes such as transcription (18) (19) (20) and replication (21) . Hmgn1 À/À mice are hypersensitive to UV most likely because loss of HMGN1 protein alters the accessibility of the damaged sites to the nucleotide excision repair machinery and decreases the rate of removal of UV-induced lesions from transcriptionally active chromatin (22) . These findings, and the growing evidence that chromatin plays an important role in DSB repair, led us to test whether HMGN1 affects the cellular response to ionizing radiation.
Using Hmgn1 À/À mice and cells, we find that HMGN1 protein plays a role in the cellular ability to mount a proper response to ionizing radiation and that loss of this protein increases the tumor susceptibility in mice. Ionizing irradiation leads to accelerated tumor formation and death of mice lacking HMGN1 protein, compared with wild-type mice. Likewise, Hmgn1 À/À fibroblasts are hypersensitive to ionizing radiation and fail to arrest properly in G 2 -M phase of the cell cycle. SV40-transformed Hmgn1 À/À fibroblasts grow in soft agar and produce tumors in nude mice with a significantly higher efficiency than SV40-transformed Hmgn1 +/+ fibroblasts, suggesting that loss of HMGN1 protein disrupts cellular events controlling proliferation and growth.
Hmgn1
À/À mice have a higher incidence of multiple malignant tumors and metastases than wild-type mice.
Our results identify a chromatin-binding protein that plays a role in the cellular response to ionizing radiation and indicate that loss of HMGN1 impairs the cellular response to ionizing radiation and increases susceptibility to tumor formation.
Materials and Methods
Animals and cell lines. Hmgn1 À/À mice, primary mouse embryonic fibroblasts (MEF), MEF-derived cell lines, and SV40-transformed MEF cells, expressing either wild-type or mutant HMGN1 protein, under the control of the Tet promoter, were generated and characterized as described elsewhere (22) . Mice were backcrossed for at least six generations and were over 95% pure. Primary MEFs were used up to passage 5 because older MEFs had an altered phenotype. The longevity study was terminated after 112 weeks at which all surviving mice were sacrificed. Assessment of genomic instability. Cells were incubated with 0.05 Ag/mL colcemid for 1.5 hours, treated with 0.7% KCl for 5 minutes at room temperature, fixed for 16 hours at 4jC with in a solution of 3:1 methanol/ acetic acid, spread on slides, and stained with Giemsa as recommended by the manufacturer.
Irradiation of animals. A total of 40 mice (20 each of Hmgn1
and Hmgn1 +/+ littermates), 6 to 8 weeks old, were g-irradiated using a 137 Cs Shepherd Mark II irradiator, with a cumulative dose of 9 Gy (3 Gy, thrice, on alternating days). The animals were monitored for 12 months after irradiation for appearance of tumors and survival and then sent to necropsy.
Injection of cells into NU/NU mice. Twenty immunodeficient nude (nu/nu) female mice were injected s.c., in two separate experiments, with either 2 Â 10 6 Hmgn1 À/À or 2 Â 10 6 Hmgn1 +/+ transformed MEFs or with PBS. The animals were monitored for tumor formation for 10 weeks and than sent to necropsy. In animals that developed tumors, no metastases were found within the 10 weeks of observation. The experiment was done twice.
Irradiation and survival of mouse embryonic fibroblasts. Cells (5 Â 10 4 ) were plated in 35 mm dishes a day before their irradiation. The cells were exposed to ionizing radiation from a 137 Cs Shepherd Mark II irradiator at the indicated doses. Fresh medium was added to the plates immediately after irradiation and survival was determined 72 hours after treatment. The surviving cells were counted by trypan blue exclusion and survival was expressed as a percentage using untreated cells as the 100% value. The experiments were conducted in triplicates and were repeated at least twice.
Evaluation of spontaneous tumor formation. Hmgn1 +/+ males and females (24 and 22, respectively) and Hmgn1 À/À males and females (24 and 22, respectively) were followed. Dead or ill mice were subjected to histopathologic examination. More than 40 tissues were sectioned, stained with H&E, and analyzed. Cell cycle analysis. Cells (2 Â 10 6 -4 Â 10 6 ) were fixed in 70% ethanol, washed in PBS/Triton/bovine serum albumin buffer, treated with anti-H3-P monoclonal antibody (Upstate, Charlottesville, VA). Following secondary antibody addition, the cells were treated with 100 units of RNase for 20 minutes at room temperature and stained with propidium iodide (20-50 Ag/ mL). The number of cells in mitosis (H3 phosphorylation) and the distribution of the cells in the different stages of the cell cycle was determined by fluorescence-activated cell sorting (FACS).
Soft agar growth and cell proliferation analysis. Six milliliters of 0.5% agar (42jC), suspended in DMEM with 10% fetal bovine serum, were poured into 10 cm Petri dishes and allowed to solidify. One milliliter of cells at different concentrations were mixed with 2 mL of the same agar suspension (42jC) and immediately layered over the hardened agar. The dishes were cultured at 37jC in 5% CO 2 , with high humidity, for 3 to 5 weeks until colonies were visible and could be counted. Cell proliferation analysis were done in triplicates and repeated at least thrice.
Protein isolation and Western blot analysis. H2AX phosphorylation was determined by Western blot analysis (antibody from Upstate). Cells were washed in PBS and sedimented at 600 Â g for 10 minutes. The pellet was dissolved in 0.2 mol/L H 2 SO 4 containing a protease inhibitor cocktail (Roche, Indianapolis, IN), vortexed with glass beads for 2 minutes, kept on ice for 5 minutes, and sedimented at 3,000 Â g for 10 minutes. The supernatant was made 25% in TCA by adding 100% TCA, incubated on ice for 15 minutes, and sedimented at 3,000 Â g for 20 minutes. The pellet was stored at À20jC overnight in 100% ethanol, air-dried, and resuspended with 50 to 100 AL of water. Proteins were resolved on 15% Tris-glycine-SDS gels, transferred to a polyvinylidene difluoride membrane, and subjected to Western blots.
Laser scissors. Double-stranded DNA breaks were induced along a defined path essentially as described before (23, 24) . Briefly, 20 minutes before UV exposure, cells were treated with HOECHST 33258 (10 Ag/mL). UV exposures were set on a Zeiss LSM 510 confocal microscope in a controlled temperature environment. Cells were exposed to a 364 nm laser along a predefined path, under a 40Â C-apo lens. Cells were kept at 37jC for 10 to 30 minutes, fixed with 4% paraformaldehyde, and immunostained (25) .
Statistical analyses. Statistical analyses were done using Fisher's twosided test at 95% confidence.
Results

Increased carcinogenesis in irradiated Hmgn1
À/À mice. To test whether loss of HMGN1 protein affects the susceptibility to radiation-induced carcinogenesis, we treated Hmgn1 À/À , Hmgn1 +/+ , and Hmgn1 +/À littermate mice with a sublethal schedule of g-irradiation (ionizing radiation). Within 1 year of ionizing radiation treatment, only 45% of the Hmgn1 À/À mice, compared with over 75% of their Hmgn1 +/+ littermates, survived, an indication that loss of HMGN1 protein decreased the survival rate of the irradiated mice (Fig. 1A) . The 1-year survival rate of irradiated Hmgn1 +/À mice (49%) was similar to that of the irradiated Hmgn1 À/À mice, whereas the 1-year survival rate of nonirradiated mice (over 85%) was the same for Hmgn1 À/À and their Hmgn1 +/+ littermates (data not shown). Tumors were detected in over 90% of all the mice that died within 1 year after irradiation. Necropsy revealed the presence of large thymic masses, which histologic examination confirmed to be lymphomas. Thus, loss of HMGN1 protein increased the incidence of lymphomas and the mortality of g-irradiated mice.
Increased radiation sensitivity in Hmgn1 À/À embryonic fibroblasts. To further test the role of HMGN1 in the cellular sensitivity to g-irradiation, we prepared MEFs from day 13.5 Hmgn1 À/À , Hmgn1 +/+ , and Hmgn1 +/À embryos and measured their survival rate after exposure to various doses of ionizing radiation. The Hmgn1 À/À cells were the most sensitive, with a D 50 (irradiation dose resulting in 50% survival) of 3.5 Gy compared with a D 50 of >7 Gy for Hmgn1 +/+ MEFs (Fig. 1B) . The survival rate of the Hmgn1 +/À cells was intermediate between that of the Hmgn1 +/+ and Hmgn1 À/À MEFs, suggesting a dose-dependent function of HMGN1 protein in enhancing the cellular ability to survive ionizing radiation (Fig. 1B) . Thus, in both whole animals and cell culture, loss of HMGN1 protein correlated with increased sensitivity to ionizing radiation. To verify that increased sensitivity to ionizing radiation in the Hmgn1 À/À MEFs is directly linked to loss of HMGN1 protein, we established stable revertant Hmgn1 À/À MEFs, expressing wild-type HMGN1 protein under the control of the inducible tetracycline response element promoter (i.e., the cells were Hmgn1 À/À Tet +/+ ). We already showed that in these cells, induction of the tetracycline response element promoter by doxycycline gradually increases the cellular levels of the HMGN1 protein until they are comparable with those present in wild-type cells (22, 26) . We grew these Hmgn1 À/À Tet +/+ MEFs for 48 hours in either the presence or absence of doxycycline and then exposed the cells to various levels of g-irradiation. Induction of HMGN1 expression by doxycycline (Fig. 1D ) elevated the D 50 values of cells from 4.0 to >9 Gy (Fig. 1C) .
Thus, reexpression of wild-type HMGN1 in the Hmgn1 À/À cells decreased the cellular sensitivity to ionizing radiation and restored the survival of the cells to a level close to those of the wild-type Hmgn1 +/+ cells (compare Fig. 1B and C) . Control experiments indicated that addition of doxycycline to nontransfected Hmgn1 À/À or Hmgn1 +/+ cells did not affect their sensitivity to ionizing radiation (not shown). Thus, the hypersensitivity of the Hmgn1 À/À to ionizing radiation is directly linked to the absence of HMGN1 protein.
The primary binding target of HMGN1 in the nucleus is the nucleosome (i.e., the fundamental building block of the chromatin fiber). To test whether the effects of HMGN1 on the cellular sensitivity to ionizing radiation are related to these chromatin interactions, we generated Hmgn1 À/À Tet +/+ cells expressing the double point mutant S20,24E-HMGN1, which bears two negative charges in the nucleosomal binding domain of the protein, and therefore does not bind to chromatin (25) . In contrast to the cells expressing the wild-type protein, expression of the S20,24E-HMGN1 mutant (Fig. 1D) did not affect the cellular sensitivity to ionizing radiation and the D 50 of the doxycycline-treated cells remained significantly lower than those of the Hmgn1 +/+ cells (Fig. 1C) . Thus, the hypersensitivity of the Hmgn1 À/À cells to ionizing radiation is linked to the inability of the HMGN1 protein to bind to chromatin. Therefore, we conclude that HMGN1 enhances the ability of a cell to survive ionizing radiation through its interaction with nucleosomes. HMGN1 affects the G 2 -M checkpoint. One of the earliest cellular responses to ionizing radiation that could be linked to chromatin is the phosphorylation of the histone variant H2AX (g-H2AX; ref. Figs. 2A, 3) confirmed that the g-H2AX levels were similar in both cell types. Therefore, we conclude that HMGN1 does not affect significantly the ionizing radiation-induced generation of g-H2AX, a result that is in agreement with recent findings that H2AX phosphorylation does not constitute the primary signal for the accumulation of repair complexes at damaged chromatin sites (27) . Because hypersensitivity to ionizing radiation has been linked to aneuploidy and other chromosome abnormalities, we carried out chromosome analysis in mitotic spreads of Hmgn1 +/+ and Hmgn1
À/À cells. These cytogenetic analyses did not reveal major differences between the two cell types; an indication that loss of HMGN1 protein does not lead to significant genomic instability (not shown). Ionizing radiation treatment is known to activate the G 2 -M cell cycle checkpoint, presumably to allow the DNA repair machinery to repair the DNA damage before entering mitosis (5, 13) . FACS analysis of propidium iodide-stained cells, which were exposed to various doses of ionizing radiation (0.6-6 Gy), did not reveal major differences between the cell cycle profiles of Hmgn1 +/+ and Hmgn1
MEFs (Fig. 2B) . Thus, HMGN1 protein did not have major effects on the proportion of cells in S, G 2 -M, and G 1 . However, when the entry into mitosis was specifically examined, by FACS analysis of cells stained with antibodies to phosphorylated Ser10 in H3, we noticed ionizing radiation dose-dependent differences between Hmgn1 +/+ and Hmgn1 À/À MEFs (Fig. 3A) . Thus, 1 hour after irradiation with 0.6 Gy, the number of Hmgn1 +/+ cells in mitosis was 70% lower than that of nonirradiated cells. In contrast, an identical dose of ionizing radiation treatment did not affect the mitotic entry of Hmgn1 À/À cells, which showed the same number of cells in mitosis before and after irradiation (Fig. 3A) . With increasing dose of irradiation, the differences between the wild-type and knockout cells gradually decrease and when irradiated with 6 Gy there was no difference between the two cell types. Similar results ere obtained with transformed MEFs (Fig. 3B) . Significantly, Dox-induced expression of wild-type HMGN1 (Fig. 3C ), but not of the S20,24E-HMGN1 mutant (Fig. 3D) mice but five (38%) of the Hmgn1 À/À mice developed tumors. In addition, loss of HMGN1 led to an increase in the frequency of endocrine malignancies including adrenal pheochromocytoma, which, although of low incidence, were observed only in Hmgn1 À/À animals. Loss of HMGN1 also lead to marginal increase in incidence of hematopoietic neoplasms, hepatic neoplasms, and hemangiosarcomas, and a few unusual tumors were noted only in the Hmgn1 À/À mice: granular cell tumor of the brain (one Hmgn1 À/À female); jejunal carcinoma (one Hmgn1 À/À female);
and renal tubule neoplasm (3 Hmgn1 À/À males; Table 1 ). The increased tumor burden of Hmgn1 À/À mice is most obvious when all the differences between the wild-type and knockout mice are combined: The tumor burden of mice lacking HMGN1 protein is almost 2-fold higher than that of wild-type mice (Fig. 4) . The P values, using the two-sided Fisher test, were 0.35 for the total animals with tumors, 0.014 for total malignant tumors, 0.4 for malignant tumors with metastasis, and 0.2 for total malignant tumors. In the statistical test, we grouped the 2 (8) 3 (13) 3 (14) 6 (27) Abbreviation: NA, not applicable. *In mice that died young, tumors were detected at significantly younger ages in Hmgn1 À/À mice. Within 57 weeks of birth, 4 Hmgn1 +/+ and 13 Hmgn1 À/À died; none of the Hmgn1 +/+ mice but 5 (38%) of the Hmgn1 À/À mice developed tumors. cThe values indicated in bold are deemed biologically significant differences between wild-type and Ko mice. bSome animals had more than one type of tumor.
x One animal had both tumor types. 10% of the animals that were injected with the same amount of Hmgn1 +/+ MEFs, developed tumors (Fig. 5C ). The average tumor size developed in the mice injected with Hmgn1 À/À MEFs was four times larger than the tumor developed after injection of Hmgn1 +/+ MEFs cells. Taken together, these observations indicate an increased tumorigenic potential in cells lacking HMGN1 protein.
Discussion
It is now well established that chromatin plays a central role in the cellular response to ionizing radiation and in DSB repair (1, 28) . Here, we show that HMGN1, a structural protein known to affect chromatin condensation (14) and histone modifications (26) , plays a role in the ionizing radiation response. The link between HMGN1 and the ionizing radiation response is supported by several observations: First, the survival of ionizing radiation-treated Hmgn1 À/À mice is lower than that of their Hmgn1 +/+ littermates; second, Hmgn1 À/À MEFs are more sensitive to ionizing radiation than Hmgn1 +/+ MEFs; and third, expression of HMGN1, but not S20,24E-HMGN1 mutant protein, in Hmgn1 À/À MEFs increases their ionizing radiation resistance. Thus, HMGN1 can be considered as an additional chromatin binding protein that affects the repair of DSBs. DSB repair involves changes in chromatin structure and in posttranslational modifications in histone tails (1, 8, 28) . HMGN1 affects both the levels of histone posttranslational modification (26) and the stability of the higher-order chromatin structure (14) and, therefore, it could affect one or more key steps in the DSB repair processes. The phosphorylation of H2ax at and near DSBs triggers the accumulation of various types of histone modifications that lead to changes in chromatin condensation that are necessary for subsequent DSB repair (28, 29) . Although we have not detected significant differences in the levels of g-H2AX between Hmgn1 +/+ and Hmgn1 À/À cells, loss of HMGN1 could affect some of the other histone modifications associated with DSB repair (28) . It may be relevant that in both H2ax À/À (30) and Hmgn1 À/À (Fig. 3 ) cells, the G 2 -M checkpoint is impaired. Both of these cells were less sensitive to ionizing radiation treatment and exhibited a significantly higher threshold than normal, before a significant number of cells arrested before entry into M. For the H2ax À/À cells, it was proposed that below a certain threshold of DNA damage, lack of H2AX phosphorylation disrupts the accumulation of factors necessary to activate the G 2 -M checkpoint. Just like H2AX, HMGN1 may be necessary to efficiently activate the G 2 -M threshold at low, but not at high, levels of DSB (30) . The failure of both H2ax À/À and Hmgn1 À/À cells to activate the G 2 -M checkpoint at low ionizing radiation doses strengthens the notion that the structure of chromatin plays an important role in this process. However, the phenotype of the two cell types is distinct in many aspects, indicating distinct ionizing radiation response pathways involving chromatin structure. We suggest that HMGN1, and perhaps other members of the HMGN protein family, facilitate the formation of the chromatin structures that ensure efficient ionizing radiation response and proper DSB repair. Our finding that the tumor incidence of aged mice lacking HMGN1 protein is almost twice that of wild-type mice is in agreement with a possible role for the protein in ensuring the fidelity of the G 2 -M checkpoint. The G 2 -M checkpoint arrest of ionizing radiation-irradiated cells serves to ensure the fidelity of DSB repair before entry into mitosis (13, 31) . Faulty repair may lead to mutation and increase tumor frequency. Cells taken from aged mice have significantly more DSBs than cells taken from young mice, an indication of spontaneous DSB occurrences during their life span (32) . Thus, faulty G 2 -M arrest and increased mutation frequency could be the underlying cause for the increased tumor burden in Hmgn1 À/À mice. Because HMGN1 is expressed in most tissues, it can be expected that the tumors would be found in various tissues. Primary mouse cells usually require introduction of two ''activated'' oncogenes for transformation, unless certain key growth control or oncogenic genes are already disrupted (33, 34) . Our finding that a single transformation with SV40 large T antigen was sufficient to change the basic properties of the primary cells indicate that the absence of HMGN1 is sufficient to disrupt cellular events that control cell proliferation and growth. The growth control mechanisms disrupted by loss of HMGN1 protein may have rendered the animals and the MEFs more susceptible to additional events that ultimately lead to malignant transformations. The interaction of HMGN1 protein with nucleosomes alters the structure of chromatin and modulates various DNA-related nuclear processes including transcription (18) (19) (20) . Thus, the increased tumor burden and tumorigenicity of Hmgn1 À/À mice and MEFs could be due not only to an impaired G 2 -M checkpoint but also to indirect effects that lead to alteration in the cellular transcription profile. Our findings reemphasize the importance of chromatin in the cellular response to ionizing radiation damage and identify HMGN1 as an additional chromatin regulatory element involved in carcinogenesis.
